Estimates of genome size using¯ow cytometry can be biased by the presence of cytosolic compounds, leading to pseudo-intraspeci®c variation in genome size. Two important compounds present in coffee treesÐcaffeine and chlorogenic acidÐmodify accessibility of the dye propidium iodide to Petunia DNA, a species used as internal standard in our genome size evaluation. These compounds could be responsible for intraspeci®c variation in genome size since their contents vary between trees. They could also be implicated in environmental variations in genome size, such as those revealed when comparing the results of evaluations carried out on different dates on several genotypes.
INTRODUCTION
Cytosolic compounds can bias genome size estimates obtained by¯ow cytometry (Noirot et al., 2000 (Noirot et al., , 2002 Price et al., 2000) and therefore it is important to identify them. Caffeine and chlorogenic acids (CGA), two wellknown compounds in Coffea, could be involved for two reasons: (1) caffeine is an intercalating drug (Tornaletti et al., 1989) ; and (2) CGA are precursors of polyphenols, which were found to account for a stoichiometric error in genome size evaluation using Feulgen microdensitometry (Greilhuber, 1988) . It is necessary to know the main sources of caffeine and CGA content variation in order to predict stoichiometric errors induced by these compounds.
In green coffee beans, three CGA classes, caffeoylquinic acids (CQA), dicaffeoylquinic acids (diCQA) and feruloylquinic acids (FQA), account for approx. 98 % of the CGA content (Clifford and Staniforth, 1977) . Note that chlorogenic acids sensus stricto (CGAs.s.) include CQA and diCQA only. Each class includes three isomers, but one isomer, 5-caffeoylquinic acid (5-CQA), constitutes 85 % of the CGA content in coffee beans (Clifford et al., 1989; Ky et al., 1999) . CGA content varies between and within coffee species. In C. canephora, CGA content is 11´3 % dmb (dry matter basis), ranging from 7´9 to 14´4 % dmb (Ky et al., 2001) . Between-year variations explain 20 (CQA) to 50 % (diCQA) of the content variance (Ky et al., 1999) .
Caffeine content in green beans (CAF) varies among African coffee species, ranging from 0 % in C. pseudozanguebariae (PSE) to 2´5 % dmb in C. canephora (Charrier and Berthaud, 1975; Anthony et al., 1993; Mazzafera et al., 1997; Ky et al., 2001) . High within-species variations are noted, e.g. in C. canephora, where CAF varies from 1´5 to 3´3 % dmb between accessions (Ky et al., 2001) . Most of this variation is under genetic control (94 % of the total variation), and these effects are mainly additive (Charrier and Berthaud, 1975; Barre et al., 1998; Montagnon et al., 1998) . CAF probably results from an accumulation process in green beans, and varies according to the fructi®cation time (FT)Ðfrom¯owering to ripeningÐand the daily amount of accumulated caffeine (Ky, 2000) . Caffeine binds with 5-CQA to give rise to caffeine chlorogenate (Payen, 1846 (Payen, , 1851 Baumann et al., 1993) and is accumulated as this complex (Payen, 1851; Rabe Âchault, 1954) .
Four trends could thus be expected, based on the assumed involvement of caffeine and CGA in stoichiometric error:
(1) genome size should vary between genotypes within species; (2) genome size should vary over time (this could be veri®ed by evaluating the genome size of a genotype at different dates); (3) genome size should change when using an internal and external standard (in the ®rst case, leaves of the standard and target are chopped simultaneously, releasing cytosolic compounds of both species in the buffer; while in the second case, leaves are separately chopped and cytosolic compounds of the target cannot act on standard nuclei and vice versa); and (4) as a genome size difference (DDNA) is expected using these two modes of evaluation, this DDNA should change between genotypes within species. It could also be correlated with some biochemical characteristics of these genotypes.
The main objectives of the present study were: (1) to test the effects of caffeine and 5-CQA on propidium iodide (PI) accessibility to DNA in a standard (Petunia hybrida nuclei); (2) to analyse genome size differences using internal and external standardization (DDNA) in interspeci®c hybrids with a broad range of caffeine and CGA contents and genome size; (3) to correlate this DDNA with some biochemical characteristics of these hybrids; and (4) to quantify genotypic and between-day effects.
MATERIALS AND METHODS

Plant material
The plant material consisted of 62 backcross hybrids between C. pseudozanguebariae (PSE) and C. liberica var. dewevrei (DEW): (PSE Q DEW) Q DEW, and called BCDEW. Beans of PSE ripen in 10 weeks, are caffeine-free and their CGA content is about 1´5 % dmb (Barre et al., 1998; Ky et al., 1999) . The PSE genome size, evaluated using PI and Petunia as internal standard, is 2C = 1´14 pg (Barre et al., 1996) . Beans of DEW ripen in 10 months, contain about 0´9 % dmb of caffeine and 8 % dmb of CGA on average (Barre et al., 1998; Ky et al., 1999) . DEW genome size, evaluated as for PSE, is 2C = 1´43 pg (Barre et al., 1996) .
Hybrids and Petunia hybrida were grown in a glasshouse in Montpellier (France) under tropical climatic conditions (24°C during the day, 18°C at night, 70 % relative humidity). The sample size (number of hybrids) varied according to the experiment (see below).
Flow cytometric measurements
Genome size evaluations in backcross hybrids were carried out according to Barre et al. (1996) . The main characteristics of the method were: (1) use of a slightly modi®ed version (0´5 % Triton X-100 and pH = 9´2) of Dolezel's buffer (Dolezel et al., 1989) ; (2) nucleus extraction by leaf chopping (Galbraith et al., 1983) ; (3) use of Petunia as standard (2C = 2´85 pg; Marie and Brown, 1993) ; (4) nucleus staining with a PI solution at 333 mg ml ±1 [95±98 % (TLC)]; (5) use of a FACScan cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with an argon laser (15 mW) at 488 nm with a pulse area of emissions >590 nm; and (6) use of an ampli®er system at constant voltage (557 V) and constant gain. Further details on the method are given in Barre et al. (1996) .
Experimental design and statistical analysis
Effect of caffeine. The aim of this experiment was to test the impact of caffeine (Sigma no. C-0750; St Quentin, France) on the¯uorescence of Petunia nuclei. A caffeine treatment (CAF2: 0´5 %) was thus compared with a caffeine-free control (CAF1: 0 %). Each treatment (CAF1 and CAF2) was replicated ®ve-fold.
In practice, a ®ltrate of Petunia nuclei (4 ml) was obtained and divided into two sub®ltrates (2 ml each). The CAF2 treatment consisted of adding 0´5 ml of lysis buffer containing 25 mg ml ±1 of caffeine into the sub®ltrate, leading to a ®nal caffeine concentration of 5 mg ml ±1 (0´5 %). For the CAF1 treatment, the sub®ltrate was supplemented with 0´5 ml of lysis buffer without caffeine. Thirty minutes later, three 0´5-ml replicates were taken from each sub®ltrate and stained with PI. A Fisher's block design (P = 2 blocks; n = 3 replicates per block for each treatment) was applied. The measurement order for the FACScan was randomized within blocks. A two-way ANOVA with ®xed effects (blocks, treatment and interaction) was carried out for the statistical analysis.
Effect of chlorogenic acids. The aim was to determine the effects of 5-CQA (Sigma C-3878) on¯uorescence of Petunia nuclei. A 5-CQA treatment at 0´5 % (CGA2) was thus compared with a 5-CQA-free control (CGA1). All steps, including experimental design and statistical analysis, were similar to the caffeine experiment.
Genome-size differences between evaluations using internal and external standards. The aim of the experiment was to analyse the relationship between genome size evaluations obtained using internal standardization and external standardization. Thirty-®ve BCDEW hybrids were evaluated using Petunia as internal and external standard. In the external standardization conditions, four nuclei extractions were obtained per hybrid for both target and standard, with each coffee±Petunia pair constituting a replicate. In the internal standardization conditions, four coffee±Petunia nuclei extractions were carried out per hybrid. The measurement order for the eight replicates was fully randomized. Each set of eight replicates was preceded by three controls: a DEW control, a PSE control and a¯uorescent bead control. The DEW (or PSE) control was obtained by pooling several DEW (or PSE) extracts to obtain a 50 ml solution. This allowed us to verify the stability of nuclei¯uorescence over a time course in the two species.
Differences in genome size evaluations (DDNA) were also computed and analysed in terms of range and mean.
Relationships between DDNA and some biochemical characteristics of hybrids. The aim of this analysis was to correlate DDNA with some biochemical characteristics of the hybrids. The biochemical evaluation methods are described in Barre et al. (1998) and Ky et al. (1999) . The CAF : CGAs.s. ratio was computed since CAF is known to form a complex with CQA and, possibly, also with diCQA. The relationship between CAF/CGAs.s. and DDNA from 33 hybrids was analysed using a quadratic regression. The amount of caffeine accumulated daily was also estimated using the CAF : FT ratio, where FT represents fructi®cation time. The relationship between CAF : FT and DDNA from 25 hybrids was determined using linear regression.
Between date differences. The aim of the experiment was to detect differences between genome size evaluations carried out at different dates. Eight hybrids were analysed at dates D1 and D18 (17 d after D1) and ®ve hybrids at dates D1 and D19. At each date, three extracts were prepared per hybrid (replicates). Two comparisons were made, D1 vs. D18 and D1 vs. D19, using a two-way ANOVA with ®xed effects (hybrids, dates and interaction).
RESULTS
Effect of caffeine and chlorogenic acids
Signi®cant differences were observed between CAF1 and CAF2 (F 1,8 = 37´3, P = 0´0002), whereas no block effects (F 1,8 = 0´14, P = 0´72) or block Q treatment interactions (F 1,8 = 0´95, P = 0´36) were recorded. Fluorescence peak values (in channel units) were 621 without caffeine and 664 with caffeine, showing that caffeine increased propidium iodide accessibility to Petunia DNA. The gain was about 7 %.
The presence of 5-CQA at 0´5 % in buffer signi®cantly decreased Petunia nuclei¯uorescence (F 1,8 = 31´8, P = 0´0005) from 757´3 to 715´7, i.e. a drop of 5 %. As for caffeine, no difference was recorded between blocks and no block Q treatment interactions were noted.
Genome size differences between evaluations using internal and external standards Differences in genome size (DDNA) were observed when using internal and external standards, and ranged from ±0´059 pg to +0´068 pg (mean ±0´012 pg). There was a linear relationship (r = 0´839) between the two modes of evaluation (Fig. 1) . The slope of the straight line and intercept were 0´569 and 0´588, respectively, whereas 1 and 0 were expected, respectively.
Relationships between DDNA and some biochemical characteristics of hybrids DDNA was negatively and linearly related to CAF : FT (Fig. 2) : Y = 0´019 ± 0´156X. As DDNA is estimated to be 0´019 when CAF : FT = 0, the genome size using an external standard would thus be slightly higher in caffeinefree hybrids. In these hybrids, DDNA represents about 1´5 % of the genome size. Conversely, in hybrids with a CAF : FT value of 0´36, characteristic of DEW (see Ky et al., 1999) , the DDNA would be higher (0´137 pg), representing about 11 % of the genome size. In the latter case, the internal standard would give higher values. DDNA was curvilinearly related to CAF : CGAs.s. (Fig. 3) : Y = 8´43X 2 ± 2´08X + 0´0998, indicating that DDNA is minimal when CAF : CGAs.s. = 0´123.
Between-date differences in genome size evaluations
The difference in genome size was 0´011 pg between dates D1 and D18, which was highly signi®cant (F 1,32 = 8´63, P = 0´006). The absence of`hybrid Q date' interactions (F 7,32 = 0´81, P = 0´58) indicated that the between-date difference was similar for all hybrids. Differences represented about 1´1 % of the PSE genome size.
Five other BC1 hybrids were studied at D1 and D19. A date effect (F 1,20 = 18´6, P = 0´0003) with no`hybrid Q date' interaction (F 4,20 = 0´80, P = 0´54) was noted again. Dates differed by 0´021 pg, i.e. 1´9 % of the PSE genome size.
DISCUSSION
Four trends were highlighted in this study: (1) caffeine and CGA were found to in¯uence Petunia nuclei¯uorescence in the presence of propidium iodide; (2) genome size evaluations differed between internal and external standardizations. In addition, the slope and intercept of the regression line between these two evaluations differed from 1 and 0, respectively, indicating a bias. (3) The difference in genome size (DDNA) was correlated with some biochemical characteristics of coffee beans; and (4) genome size varied between evaluation dates.
Effects of phenolics on PI accessibility
The addition of 5-CQA in medium containing PI-stained Petunia nuclei decreased nuclei¯uorescence, i.e. limiting PI accessibility to DNA. As CGA are phenolics and share common chemical properties with tannins, the effect of 5-CQA could be compared with the stoichiometric error observed by Greilhuber (1988) using Feulgen microdensitometry. This author reported an increase in genome size in woody species (but not in herbaceous species) when using formaldehyde instead of methanol-acetic acid as ®xative. In these species, the genome size ratio between formaldehyde and methanol±acetic acid evaluations ranged from 0´245 to 0´778, showing the importance of the effect. In fact, use of formaldehyde avoids the release of tannin from vacuoles. According to Greilhuber (1988) , tannins act on chromatin condensation, thus limiting access of PI to DNA. They could also act on nuclear membrane proteins, thus hindering stain uptake by the nucleus. Although the effect was emphasized with the 5-CQA isomer, other af®ne compounds, including all other CGA isomers, as well as other phenolics with tannic proprieties, should limit dye accessibility. This could explain why¯ow cytometry is effective for distinguishing brownish coffee tree calli, which are theoretically polyphenol-rich, from white calli (unpubl. res.).
Effects of caffeine and af®ne compounds on PI accessibility
The caffeine effect on PI accessibility was tested because caffeine and other oxypurines are known to bind with DNA, modifying DNA-supercoiling (Tornaletti et al., 1989) , and to form a complex with intercalating dye (Traganos et al., 1991) . Competition between PI and caffeine is therefore expected, leading to a drop in PI accessibility to DNA. However, the opposite results were obtained, i.e. caffeine increased PI accessibility to DNA in Petunia. How can this paradox be explained?
In fact, caffeine forms complexes with phenolics such as CGA (Payen, 1851; Rabe Âchault, 1954; Baumann et al., 1993) . When added to the buffer, it could trap CGA and other phenolics present in Petunia cell vacuoles and released into the medium by chopping. In this way, caffeine would reduce the negative effects of phenolics on PI accessibility. Rabe Âchault (1954) noted,`A common process to highlight tannins in coffee tree tissues consists of precipitating them using an alkaloid, and in this case we mainly used caffeine'. This means that other oxypurines and alkaloids could also interfere with the phenolic effect.
Comparison between evaluations using internal and external standardization
Genome size evaluations differed when comparing external and internal standardizations, but there were highly signi®cant correlations (r = 0´84) between methods. A statistical interpretation involved considering that regression lines re¯ected the genome size, with residuals (distance to the straight line) being due to the between-method effect. From this viewpoint, residual variations would result from differences in phenolic and caffeine contents between hybrids.
The relative importance of residuals with regard to the genome size (1 ± r 2 = 29 %) depends on the genome size range recorded within the experiment. Correlations will be better with a higher range, while they should vanish with a lower genome size range. In other words, regression line slopes and intersects depend on this range. To avoid such a range-dependent effect, the use of a least rectangle estimator instead of a least square one should lead to invariant slopes and intersects. The new estimations were then b = 0´68 and a = 0´43 (instead of b = 0´57 and a = 0´59), con®rming the presence of stoichiometric error on both nuclei¯uorescence and genome size.
Obviously, internal standardization has the bene®t of allowing target and standard nuclei in the same medium, so this approach is preferred. This agrees with former recommendations (Vindelov et al., 1983; Tiersch et al., 1989) , but it should be kept in mind that the presence of nuclei of both species in the medium does not mean that there will be no stoichiometric error.
Pseudo-and true variations in nuclear DNA content in coffee trees
In internal standardization, it is implicitly assumed that target and standard nuclei will react in a similar way to the medium. If this is not the case, differences in phenolic and alkaloid contents between plants will lead to pseudovariations in genome size within species. Stoichiometric error can also result from variations in phenolic and alkaloid contents over time or between locations (environmental effect). This should also occur when phenolic and alkaloid contents change with leaf age. This prompts us to discuss controversial intraspeci®c variations in genome size.
Pseudo-variations in genome size due to genotypic effects exist in C. liberica var. deweveri (Barre et al., 1996; Noirot et al., 2002) . In this species, genome size, estimated using PI and Petunia as internal standard, ranges from 1´408 to 1´439 pg between accessions. In fact, regression lines between target and standard nucleus uorescence differ between trees; slopes range from 0´486 to 0´824, while intersects range from ±282´5 to 15´7 (Fig. 4) . Between-slope variations represent the best evidence that dye accessibility of nuclear DNA changes between standard and target.
Pseudo-variations in genome size due to environmental effects were highlighted in coffee trees when analysing some genotypes at different dates. Environmental variations in genome size also occur in sun¯ower in response to light F I G . 3. Differences between two genome size evaluations (external vs. internal) in backcross hybrids are curvilinearly related to CAF : CGAs.s.
(caffeine content : chlorogenic acids sensus stricto) in mature beans.
quality and quantity (Johnston et al., 1996; Price et al., 1998 Price et al., , 2000 . As CGA are also present in sun¯ower (Cohen and Ibrahim, 1975; Koeppe et al., 1976) and as CGA are known to be environment-dependent, this compound could explain environmental variations in genome size in both species.
In summary, stoichiometric error should arise every time phenolic contents vary. As phenolics are common in plants, especially in woody species, stoichiometric error can be expected in all of these cases.
In contrast to CGA, caffeine is (1) not markedly in¯uenced by environmental factors (Barre et al., 1998) , and (2) not very widespread in the plant kingdom, at least at high concentration. Caffeine thus could not be a candidate compound to explain between-date differences in genome size evaluations. Nevertheless, this compound could still account for variations between trees in C. l. dewevrei species (Noirot et al., 2002) . Dye accessibility variations in coffee trees are likely to be the result of caffeine±CGA interactions. In practice, caffeine and CGA contents in hybrids would act differently on genome size evaluations under external and internal standardization conditions. Such CGA±caffeine interactions could be extended to other species, such as tea or cacao trees, containing oxypurines. Generally, the simultaneous presence of`phenolics±alkal-oids' could lead to interactions and intraspeci®c variations in genome size.
The existence of a pseudo-intraspeci®c variation in genome size does not exclude the possibility of true genome size differences. The latter case concerns subspecies such as Musa acuminata (Dolezel et al., 1994) or Oryza sativa (Ohmido et al., 2000) , whose reproductive barriers have prompted questions about their taxonomic classi®cation. In these cases, a change in botanical name would turn intraspeci®c variations into interspeci®c variations. Other sources of true DNA content variation include endopolyploidy, as in Brassica oleracea (Kudo and Kimura, 2001) , additional chromosomes, as in Quercus petraea (Zoldo et al., 1998) , or ploidy level, as in Pennisetum setaceum (Martel et al., 1997) . It is also probable that in some species, such as Quercus petrae, both sources of intraspeci®c variation (true and pseudo) overlap.
Phenotypic relationships between DDNA and some biochemical characteristics of hybrids evaluated in green coffee beans
In the present study, a linear relationship was noted between DDNA recorded on leaves and the amount of caffeine accumulated per day in green coffee beans. This implicitly assumes that the amount of caffeine accumulated per day in green beans is related to the caffeine content in leaves. This assumption is in line with (1) the fact that caffeine is synthesized in leaves, penetrates all membranes, and is accumulated in beans as a CGA±caffeine complex (Payen, 1851; Baumann et al., 1993) , and (2) the absence of direct correlation with caffeine content in green beans.
A curvilinear relationship was also noted between DDNA recorded in leaves and the caffeine : CGAs.s. ratio in green coffee beans. As previously discussed, this relationship would involve some constant biochemical and genotypic characteristics in both leaves and beans. The curvilinear relationship is also expected from the antagonistic effects of caffeine and CGA.
